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THE CHEMISTRY AND PACKAGING OF NANOCOMPOSITE CONFINED ARRAYS

GALEN D. STUCKY
Department of Chemistry, University of Califoraia, Santa Barbara, CA 93106

ABSTRACT

‘The miniaturization of electronic and optic devices has revolutionized response times, energy loss and
transport efficiency. An additional bonus is that as one approaches the nanosize regime the presence or
absence of a few atoms and the geometrical disposition of each atom can significantly modify electronic and
photonic properties.  This control can be further supplemented by "packaging” assemblies of atoms or
molecules into thin film or nanocomposite bulk materials to define surface states, cluster environment and
gecnatry, intercluster interactions, and consequently, 3 wide tunable range of optical and charge casrier
Tesponses,

The chemist is presented with an intriguing challenge First the clusters must be unisized with
identical geometries. Secondly, the atom or molecular assemblics should ideally have perfect periodicity in
order 1o rigorously define optoelectronic densities and intercluster tunnelling. A third requirement is that the
nsnocomposite be processable, generally in the form of thin films or single crystals. Numerous approaches
are being undertaken in achieve these goals, including molecular beam and atomic layer epitaxy, molecular
sieve inclusion chemistry, molecular capping of inocganic clusters, porous giass and acrosol syrthesis. This
peper presents a brief review of the interface chemistry associated with nanophase confinement and packaging
and some festures of three dimensional surface confinement using molecular sieves and zoolitzs.

Introduction

Because of the importance of nanoclusier chemistry to a wide vatiety of fields ranging from atom and
electron transport in biological systems, heterogeneous catalysis, photo-catalysis, to the development of new
electro-optic devmunqumnmmfmamuuwmhubmueprsmofmwmm;mw
scientists from many areas. Syntheses of nanoclusters have been carried out in numerous ways to give
unexpectedly different materials with varied structural, optical, and transpoet properties. Molecular inorganic,
physical and biochemists have generaled nanoclusters by building up arrays from solution or gas phases atom
by atom[1,23]. From the other directions, solid state physicists and engineers have focused on increasingly
smaller and smaller dimensions with engineering based directly on a solid state atomic lattice substrates (4.5,
The materials chemistry af this molecular and solid state interface requites a precise definition of the number
of atoms, their siting (e.g. bulk versus surface), and ultimately the manner in which they are assembled to
form a nanocomposite array. It is for these réasons thet while the convergence of molecular and solid state
chemistry is near, the somewhat diffuse maienals synthesis interface between isolated clusters and the infinite
solid array is only beginning to be resolved.

Current Namocluster Syatbetic Methodologies

Chemists have pushed metal atom clusters to their limits over the past 30 years so that there is the most
deniled information about their synthesis and detailed structures. The largest metal-metal bonded nanocluster
which has been synthesized and structurally characierized by single crystal duffraction measurements is
[HNisg Ptg(CO)ug}5- (8. In this regime the structures (Figure 1) can be thought of as small chunks of metal
which are solubilized by a coating of ligands. Studies of metal nanoctusters beautifully demonstrate the fact
that the bonding at the exterior surface of the nanocluster can energetically dominate the ultimate cluster
geometry. For example, the dimensions of these fragments are large enough 30 that one observes the
hexagonal and cubic close packed arrangement of metal atoms in [Pt26(COMm213* and (Prag(CONH)*
clusters respectively (). However, in (Pt15(CO)yol?-, the platinum metal atoms arrange themselves in a
helical array of triangular Pty units and in [Pr)9(CO)sq)2- the metal cluster is a bicapped pentagonal-prism
similar to the geometry reported for certain microcrystalline materials such as metal dendrites and whiskers (8,
These geometrics are still an unresolved challenge to theoretical chemistry as well as to the development of
uscful predictive theories for nucleation phenomena.

The ultimate limit of how far the solution chemist can go in nanocluster synthesis remains 10 be
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determined. The above clusters are in fact relatiscly smail, the largest being 7 platinum atoms in the longest

Convergence of Molecular and Solid State Chemistry

| (hcp)

[Ptyg(COIppI*  [Plag(CO)yq Hyol ™+ [HNiggPte(CO)4el>

(o)

Figure 1: Structurally characterized metal atom cluiters

dimension (~16 A). Schmid has reported a family of clusters based on the closest packing of atoms to give
“magic” numbers of 13, 55, etc. with the nth shell containing 10n? + 2 atoms. Examples include
Augs(P(Ph)s)1266+ (Ph = CgHs) end Pd g1 (phen)ssO190.120 (<26 A in dinmeter with § spherical shells, and
phen = phenanthroline)}?). Isolation and characterization of a pure phase of the Latter has not yet been reporied.

Using solution phase reactions, Dance has created soluble molecular clusters such as (C19S4(SPh) )¢
(Fig. 2) which can be considered as fragments of the bulk semiconductor lattice(10.11.12), As molecular
entities these can be isolated and structurally characterized with the largest structurally cheracterized cluster
reported 10 date being (Cd)7S 4 (SPh)g)2- (13), This structure forms tetrahedrally coordinated Cd and S atorns as
does bulk CdS, however each Cd atom is also bonded (o a surface S atom which is part of the thiophenol
group. Ths manner of covalent bonding at the surface forms a method for control of cluster aggregation and




gives a monodisperse size. Notice that the ratio of Cd:S in this material is not 1:1 but 1:2. This

Convergence of Molecular and Solid State Chemistry
{ Semiconductors |

"»
[Cd19S,(SPh)agl?"

[Cy5S2g(SRIzgl !4

Figure 2. Structuraily characterized II-VI clusters. M= Z»,Cd; ExS§,Se,Te; R=C¢Hg
(18],{19],{20]
nonstoichiometry is common among small particle semiconductors as will be discussed for GaP included in
zeolites in the next section. As llustrated in Figure 2, one again finds the possibilities of a variety of
nanocluster geometrics. Cheng, Herron and Wang[14] demonstrated that even very small clusters such as these
have large nonresonsnt nonlineanties; the Dance compound has a nonresonant nonlinearity comparable 10 that
of conjugated organic dye molecules and bigger clusters have even larger nonlinearities.

The inital work in the area of larger small particle semiconductors (10 ~ 100 A) described by Brus and
Steigerwald {15.18]  deals with the formation of size quantized particles in colloidal solution, their
charscterization, and interpretation of this daia using both classical molecular orbital theory and some quantum
mechanics. The chemisiry necded to generate nanociusters is indecd state-of-the-art requiring control of kanetic
parameters beyond the limits of that which have been previously achieved in solution chemistry(47), The goal
is essentially to arrest a runaway reaction which given sufficient starting materials will result in the
generation of a bulk material.  The appropriate cluster size is achieved by competitive reaction chemistry
between core cluster growth and surface capping which terminates the cluster growth. Kinetic control of the
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average particle size is achicved by adjusting the rate of diffusion, choice of solvent, reaction temperature,
reaction time, reagent concentration and the use of microheterogencous rection media. Following the
example of Dance, strong coordinating ligands are then used 10 abruptly terminase cluster growth(18.19,20),
Analagous 1o the ferritin example described below, stabilization can be achieved with an inorganic phosphate
polymez, such as sodium hexametaphosphosphate (24), The kinetics of the nucieation and passivation
processes sre fast and in general a typical preparation gives  poly dispersity of £ 10% in parucle diameter(12],
Control of cluster size, stability of clusters toward aggregation, and differentiation of cluster - clusier
interactions from surface or other effects are drawbecks to colloidal methods.

Theopold and coworkers (22} have devised a synthesis to give small particle [I1.V semiconductocs through
what is essentially the hydrolysis of a monomenc arsinogallane. The reaction of (Cs(CHs)s)Ge-
AS(Si(CHy) )y with 2 equivalents of t-butanol, shown in Figure 3, yields over several hours small GaAs
pasticles as evidenced by the shift 1o longer wavelength in the UV-Vis spectrum

cH CH,
cn, S P
CH; si
CH;  2t-butanol
CCH3 Ga— As CH. — % GaAs + 2CsHsH +2t-BuOSMe;
Hy \S i/ 3
CHs s cn,/ \CHs
CH,
c

Pigure 3. Reaction of (Cs(CH3)s)Ga-As(Si(CHj)3)z with t-butanol to form GaAs.

with time. This is the first example of a solution phase reaction which yiclds size quantized UI-V
semiconductors. This reaction is not controiled as in the capped clusters, but goes on to form bulk GaAs
through the course of the reaction. More recently Wells and Alivisaos have successfully been able to carry out
amested precipitation reactions to form capped GaAs clusiers so that  TII-V nanoclusters are accesiblel®),
Other methods o prepare size quastzed semiconductors include formation of PbS particles on ethylene-
methacrylic acid copolymersi24), and the formation of glass matrices around colloidal solutions of CdS[25). In
all of these sysiems, quantum confinement is in three dimensions and the structures are referred 10 as quantum
dots or boxes.

Another intriguing route, also discussed 1n this symposium, is the creation of nanoclusters by
biosynthetic related processes. Nature creates quantum confined clusters of CdS in an elegant way by using
short chelating peptides in yeast as part of the biochemical mechanism of entrapping heavy metal atoms such
as Cdl26), At the time of their charactenzation, these clusters were found to be more monodisperse than those
which had been prepared chemically. Bio- and biomnorganic chemusts have studied nanophase cluster formation
in a vanety of other sysiems, particularly in the iron transport femuni?7.28.29), Ferntin consists of a shell of
proteins derived from nucleotides which surround an iron core of up to 4500 iron atoms that is essendally
spherical with a diameter of 80 A. The composition approximates closely 1o (FeOOH) g (FeO-H; PO4) and the
iron core has a close structurai resemblarce to ferrihydrite,an iron oxide cluster coordinated with water
(5F6203*9H70 (0] which contains a close packed array of uxide and OH- ions with iron aioms in octahedral
interstices. In this case, the phosphate in ferritin serves the role of exterior surface cluster capping and
passivation,

The basic science revealed by gas phase studies about cluster stability (e.g. the "magic number” shell
model) and surface reactivity are providing valuable guidelines for nanocluster synthesis in condensed phases.
Recently, gas phase syntheses of GazAsy (3!} and neutral i~dium phosphide clusters(32] have been reported.
Silicon clusters such a2 Si* 45 and gallium arsenide posuve cluster ions containing up to 60 atoms have been
identified and charactenzed along with their surface chemistryi33341,  In the past there have been no direct
structural determinations or means of stabilizing and accumulating the gas clusters o that the use of gas phase
precursors for nanocomposite synthesis did not exist The isolation of Ceo and Cyp 1 large bulk
quanttiesl 3536} is & major breakthough that 1s now generating research activity comparable W that seen
previously foc high T, superconducung matenals 2s evidinced by the special session in this symposium.




811

Nanoclusters and Nuwocomposites

In practice the ukimate goal is to construct 2 muitipkase nanocomposite in order to provide photo and
thermal stability, form unisized clusters of an arbitrary size, control :luster - cluster interactions, and make
device processing available at a high material yield and low cost. In order 10 design and synthesize the
nanocomposite it is n cessary 1o understand the relationshup vetwoen nanocluster surface chemistry and internal
cluster bonding, electronic and structural intercluster coupling, sum and product properties, cotnectivity
patiemns, periodicity and scaling, Schouky barrics effects, and coupled phase transformations. Puckaging the
nanoconfined arrays and controllng these properties is the biggest challenge to the matentals scienvist,

Undoubtedly the closest overlap between solid state and solution chemistry synthesis of quantutu
confined nanccomposites has been with 2-d quantum well layered structures. Ishihara nd coworkers have
recently reported the 1solation of a natural quantum well system, (RNH;3),Pbl4 with R=CjoHz1. In this
structure, Pbl42- networks are separated by the alkyl chains of the organic cation RNHa * (o give sespectively
the wells and the potential barriers(37], This material has been carefully studied optically and shows marked
increase in oscillator strength for the 2D exciton gained by confinement to two dimensions (0.7) compated
to that for the 3D exciton in bulk Pbi; crystal (0.017), The emission spectrum of the exciton in this system
is extremely sharp at low temperatures so that the coherence length and perfection of this quantum mazerial
appear to be excelient. The consequence is a large third crder opucal susceptibility, xO), with picosecond oc
less response time.

Two dimensional surfaces with morolayer or greater thicknesses and combined in various geometrical
configurations to give quantum wires oc 1-d quantum confinement are currently the basis for opioelectronic
devices. The physicist's and engineer’s approach to quantum confinement (dots, wires, and layere) has been by
way of molecular beam (MBE) and atomic layer epitaxy (ALE)(38} on an ordered 2-d lattice substrate to
fabeicate ultra thin (monolayer) semiconductor epitaxial layers. Figure 4 shows how carrier confinement is
then achieved by sandwiching the semiconductor layer between two wider-bandgap semiconductor epitaxial
layers or by introducing lateral barrier walls to form quantum boxes{3940.411., Quantam wires in which
carriers and electronic wave functions have one degree of freedom along an axis can be formed in the MBE
approach by corrugation of quantum layers oc by lateral structuringl42.43), A promising new development is

AlGay.As

GaAs QW [20A, 50A}

Alfa As 100A
Spacer

GaAs QW {20A, 50A)

/ V4 ~1/éym =

Au
GaAs QW {20A, 50A)
AlGa, As
MBaLAs | (um, 3um)
Buffer GaAs
0.1pm GaAs * .
Buffer ,( ¢ / ¢
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-l Al N
Substrate >, Bf;?flu ad

Figure 4. Molecular besm epitaxy derived quantum superlattices.

the use of the scanning tunnel microscope (STM) as a lithographic 100l to create bariiers on the 10 1o 1000 A
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scalef44], Also, epitaxial growth of GaAs on high surface silica has been used o produce size quantized GaAs
particles{(451.

For nanoclusters syn:hesized via solution or gas phase chemistry, the use of capping inorganic and
organic groups which have large stability constants is one viable solution. Spin coating of these capped
clusters or intrinsic polymerization of functionalized organic caps to give thin film stractures then provides a
route to device applications. Porous glasses confinement offer less control over the size, shape and cluster -
chuster interactions of semiconductor particles within their pores, however, the glasses offer the 2ase of optical
chesacterization and the potential for use as thin monoliths in optical devices. Another approach is an
extension of the solid state approach of using 2-d crystalline surfaces for array organization and definitiog. By
incorporating the confined arrays within 2 3-d crystalline surface, i.e. & zeolite or molecular sieve, it is
possible to obtain detailed structural information relevant to intemal cluster bonding, surface termination, and
intercluster coupling. In the following discussion two roles of the 3-d surface are emphasized: 1) the
definition of the quantum confinement geometry, and perhaps more importantly, 2) the three dimensional
pc:iodizity]which directs the formation of a "supra-molecular” composition and the overall quantum
Latticel46.47],

Inclusion and "4th Dimension™ Chemistry

Topologically, moiecular sieves and zeolites consist of monolayers of edge shared MO; tetrahedra. By
using large arganic and inorganic templates during synthesis these monolayers interconnect into polyhednat o
tubular configurations to form cages and channels. This is illustrated in Figure § for zeolite RHO
(Mi2Al128i36096, M = monovalent cation). Excluding the exterior interconnecting oxygen atoms the cage
(point group Oy,) is defined by 120 framework Si,Al and O atoms. To graphically simpiify the representation,
the oxygen atoms between the tetrahedral atom sites are generally omutted as shown in Fig Sb. The sixicen
a%0ra ring is then designated by the tetrahedral atoms only as an "eight”

AN
d T 1 b

Figure 5. ) Zeolite RHO cage with 120 framework stoms; b) 3-d surface of
interconnected cages.

ring. The complete zeolite structure is buslt up by interconnecting via the six octahedrally located eight

rings of the cages. In this 2¢0lite the void space “outside” the cages has exactly the same geometry as that
defined by the cages themselves. Fvery atom in this framework is equally accessible on both sides of the
monolayer surface which defines the cage network, It is in every sense a 3-d surface.

As with the nanoclusters described above, it is not clear what the ultimate cage and channel diameters
might be. At the present time cages and channels which make up molecular sieves such as zeolite Y(43] and
VP1-51#1 are known with free c.ameters of up to 12 A. The natural mineral cacoxenile possesses 15 A
channels and an 18 A free diameter channel (Figure 6) has been proposed{*0] so that quantum wires of
indefinite length which are one dimensional or form a 2 or 3 dimensional grid network are possible. The
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Figure 6. 2-d projections of the first three members of an infimite series of 3-d
molecular sieve netz. a) corresponds to AIPO-S and b) (o VPI.5 whick was first reported
four years after its existeace was postulated [50).

quantum confinement is not however determined solely by the cross sectional dimensions of the host channels
since the barriers betwesn the quantum dots are one oc two insulating atomic layers thick, This means that
resonant and indirect tunneling is possible by phonon assisted mechanisms through the overlap of wave
functions of adjacent clustersi5t 52,53.54],

Table 1 T, Corser Shareé Molacaler Sieve Compotitions
Groups Charge

Y 50, 5i0, 0 Silicatice
nv Aoy ro; ] ALPO
MLIV-V  AIOg (S60y)5 POS )-8 8 SAPO
v A0y S0, 1- Zeoiice
eV 0;” A0, - ZaA0
nv B0 " PO -  BEPO
Hn BOy N 2- Boraiite
v Be0S”  Geoy 2- BeGeO

As an example of the manner in which the molecular sieve framework can be used in nanocomposite
synthesis, first consider one of the simplest polyhedral cages in zeolite chemistry, the truncated octahedron
found in the sodalite structure (Figure 7). This is in fact, an inorganic isomer of a fully saturated Ceo
Buckminsterfullerene clusier, although slightly larger because of the longer (~1.6 A) Si,Al-O bonds. The
“four dimensional” character of the chemistry arises from the fact that one can carry out frainework
substitution reactions within the two dimensional surface and make use of potentially different chemical
reactivities wnd geomerric topologies inside and outside the cage.The cage dielectric properties and dimensions
can be varied by the framework substitution shown in Table 1.

The 6 ring windows of the sodalite cage are large enough to permit the reversible inclusion of ions and
watzr, The five atom cluster (Figure 8)is common with compositions such as (B204); » Zny S 1551, (B20,);
ZmyGaP, and (BeSrO4) « Cd(Sel56), In the sodalite type structures the cage has the same acentric point group
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A

Figure 7. (Si3A132014] sodalite Figure 8. Sodalites with MX Clusters
and Cgo sixty atom poiyhedrs directly coupled through § rings

~ .2ty 22 725 or GaP, ie. 43m, and containg (for example) the tetrahedral Zn S fragment which is the
fir coordination sphere of the sulfur atom in the bulk ZaS structure. One therefore has an expanded
superiattice of Zni4$ molecular clusters (Figure 9). If one uses a larger anion, Se or Te, at the ceater of the
sodalits c25e, the Zn atoms are forced more owards the ultimate limit of being positioned at the center of the
iz g openings. At that point the system becomes an expanded semiconductor Lattice with all Zn stoms

Figure 9. Za,X Sodalite Lattice Figure 10. Expanded Semicomuctor Lattice with
: Metal Atoms im Center of the Six
Rings

equally spaced from all X atoms at the centers of the cages (Figure 10). In the structure of (B204)3« ZngS 8
1.05 A displacsment of the zinc atoms is required to remove the ZnyS cluster identity. Some Zn-S and cage to
cage distanczs are given below (Table 2) to show how both cluster and intercluster geometry can be varied by
the open Sramework surface. D is the metal atom dis; lacement required for loss of cluster identity.

Tabie 2

Lattice M:-X

(A

ZnSB 226003, 651 105

ZnSH 2346(2) 7.03 L17 B = Boralite = BgOyz

ZnS HG 23450) 1.16 124 H = Helvite = BeSizOpa
Za,5¢B 23703) 6.66 096 HG = GeHelvite = BesGey Oy

The Zn-S distance in bulk is 2.34 A, and in ZnSe the distance is 2.45 A. In these structures inter
cluster coupling should be large and the band e:dges for the sulfide and sclinide boralites are within 20 am
(blue siufted)of the bulk edge. The emission spectra at room temperature are insense and well defined with
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corresponding excitation spectra which show considerable structure, and a sharp excitation peak at the
absorption edge. In the case of (BeSiO,); » CdyS an emission exciton peak 13 also observed at the band edge.

The AgnX (X = group VII atom) clusters which make up the superlattice of the [SigAlsO24) sodalite
framework structure show remarkable structural and spectroscopic transformations as one varies the sodalite
cage occupancyl57.38,59.60), At very low loadings the AgBr is a molecular silver halide unit with 2 AgBr
intemuclear distance (2.23(5) A for AgBr in the Na3 7Ag 3 cluster) which is shorter than that reported for gas
phase silver bromide (2.39 A). Due to more extensive covalent bording of AgBr compared to NaBr the
Na;AgBr aggregate behaves like 2 slightly perturbed AgBr molecule with nearby Na+ ions, In the fully
axchanged AgyBr sodalites, the Ag-X (X = CI, Br, I) distances are ~8% shorter than in the rock salt bulk
materials. The intercage Ag-Ag distances are 25% to 12% longer (C1- to I-) than in the bulk structure.
Adjacent cages can be statistically empti®d and the absorption lines followed from the a very sharp single line
for the Ag-Br fragment at low loadings ( similar (o the gas phase values of 230 and 320 nm for the AgBr
monoiner) to the AgBe3+ isolated cluster to the fully loaded and intercage coupled systeni. The optical
absorption dasa confirms tie incveased tunneling efficiency and intercage coupling &s the distances between
centers of the b cages decrease it the I* 1o Cl- sequence.  Another interesting featwe ig evidence of 2
pescolation threshold i3 soen in an abrui change in the unit cell parameters and FT-far [R cation transiatory
modes as a functioa of laading.

Theoretical medelling of the potential well and intercluster coupling in the sodalite structure by ab initio
calculations are currentiy in progress at Smuta Barbara in collaboration with Hona Metiu. If the sodalits
structure is synthesized with NuyO? P+, NaOH can be soxhlet extracted o give “empty™ cages containing Nad+-
Gradual filling of these cages witk sodium vapor at clevated temperatres gives a gradual change in colors from
pink to dark blue. The chemical stability imparted by the inorganic frazmework is remarkabie eng the sodium
metal loaded sodalite can be hested in water with no detccable reaction. “The results clearly demonstrate the
very strong dependence of absosption bande on the framework clectric field and the sensitivity of the energy
levels to small displacements of the sodium ions.

'Ga. P

Figure 11.Structure and Yom exchange Figure 12.Gag¢P3Cluster based
positions of cations for the Zeolite X on EXAFS and MASNMR data
structure, The 12-ring opening into the
supercage is about 9A, and the supercage
itself is 134 in diameter.
The sodalite cages can be intercoanected in several ways to give different cage structures, e.g Zeolite X
has two types of cages avatlable for cluster formation, the smaller 7A sodalite units and the larger 13 A alpha
cages (Figure 11), There are § sites (LT 11, II', IH) which are avaslabie for cation siung within the sodalite and
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supercages. T1-VI and I-VII quantum confined clusters can be synthesized by well undersiood ioa-cxchange

methods, followed in the 11-VI case by treatment with H2S or HaSe. [t is important to note that the jon
exchange process can yield very different siting of caions depending on temperature, pH, solvent vs. melt ion

inclusion, other extra-framework ions, cakcination, and loading levels. This process must b systematically

controlled along with the conditions for treatment with H2S or HzSe in order te obtain makerials which can be
consistently reproduced and which contain monosize clusters, The ion exchange based incfusion chemistry of I-
VII61.62,63.64.65) clusters have been investigated concentrating on the structural, optical, and
photochemicall66.671 aspects of the clusters.

Structural studies have been camed cut using powder Rietveld X-ray diffraction methods [68] which have
established cubane like clusters of (CdS)4 located in the sodalite cages of the structure. Extended X-ray
absorption fine structure (EXAFS) spectroscopy was used to study the coordination sphere of Cd in the
structure and showed that some of sulfur atom sites are occupied by oxygen atoms. These small cubes do mt
take advantage of the much larger ares available to them in the supercages in this structure, and it is this
intimate connection wath the zeolite framework which probably makes this structure 30 stable.

Elemental and binary semiconductor synthesis by gaseous and melt diffusion within the zeolite host is
being explored by a number of research groups, including Bogomolovi®,70.71,72] (elemental
semiconductors), Herron, Wang et ali??] (Se), Endol74.75] Se and Te), Gowl76! (Te and Pbly) and
Ozinl77.78.91 (MoO3 and WO3). Ozin and Goto have used careful concentration studies with differeat
extraframework cations in different zeolite hosts (o successfully demoastrate the fine tuning of optical and
cluster structure which can be achieved with binary cluster synthesis and inclusion.

The advantages of using gas phase diffusion methods for inclusion can be illustrated by the synthesis of
GaP in zeolite Y{%0), Attempts to use ion exchange as a route to the formation of III-V semiconductors in
2eolite frameworks resulied in the loss of crystallinity of the material due to the very low pH required 10 keep
group I cations in solution as hydraied cations. Alternate methods of anhydrous nitrate and halide melts also
failed to give the desired inclusion products, as did methylene chloride solutions of group I halides as
precursors. The approach which succeeded in synthesizing GaP inside the pore structure of zzolite Y involves
a metal organic chemical vapor deposition (MOCVD) approach. The reaction of (CHz); Ga with PH; is carried
out within the pores of zeolites Na and HY at a serizs of temperatures to give small GaP particles which
showed blue shifts in the UV-Vis spectrs and upficld shufts in the solid state NMR; both indicative of size
quantization cffects. Extended X-ray absorption fine structure (EXAFS) spectroscopy idenified particles which
were ~11A in dimeter corresponding 10 3 coordination spheres of the bulk structure, as illustrated in Figure
12

This figure shows a possible cluster 2rrangement with either 2 Ga atom or P atom at the center of the
cluster. In the case of a P atom at the center, the charge on the cluster must be balanced by connection to the
anjonic framework or residual methyl groups, but with a2 Ga atom at the center the charge could be accounted
for by excess protons remaining on the P atoms due 10 incomplete phosphine dissociation. Synchrotroa X-ray
diffraction studics showed long range ordering of the clusters in the supercage, but a high degree of local
disorder within the supercage. This observation supports the EXAFS data for clusters of about the size of the
diameter of the supercage. Both EXAFS and solid staie NMR support the model with 2 Ga atom at the center
of the cluster. The pnmary concern with all zeolite inclusion materials is the ability to control diffusion
propertics so that the cluster distribution is homogencous throughout the lattice. Even moce so than for
MOCVD deposition on 2-d substrates, diffusion kinetics must be defined and controlled. This wll be the
primary challenge to chemists for the synthesis of all 3-d quantum confined frameworks, regardless of the
synthesis approach which is used.

The existence of polar molecular sieve structures provides access (0 an additional degree of control of
cluster orieatation. In this regard one dimensional polar pore structures are parucularly promising for the
alignment processes required for SHG. A non-centrosymmetnc host could cause nanoclusters to dipole align,
i.c. sulfides at onc end and zincs at the other as is normally the case for ZnS, rather than 2 random polar
orientation. This could be of some importance in magnetooptic matenals. Non-centrosymmetric molecular
sieves include ALPO-5[$1} (space group Pécc), ALPO-11182] (Tc2m), VPE-5(331 (P63cm), sodalite (341 (P43n)
and offretiei 851 (P6m2). Variation inn host framework charge density or dielectric constant, via SUAI ratio
changes, ar the use of other framework atomsi{%], can be used w define the relative amounts of guest-host and
guest-guest electrostatic interactions. For example, guest dipole molecules interact more strongly with onc
another in a low charge density host than in a high charge density host where guest-host interactions dominate.
In a few charge density hosts, guest aggregation or chain formation should occur and lead w0 bulk dipole
alignment. The counter ions present in the host can also be used to control guest aggregation. Changing the
size of the ions alters the pore size and shape and the local electrostatic fields around the ions.
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Conclusion:

The understanding and new synthetic approaches to0 nanocluster synthesis have opened extensive new
vistas for all areas of science. The incorporation of nanoclusters into composite synthesis will require the
continued development of highly sophisticaed new chemical techniques and molecular engineering. Much
wilt depend on the ability to utilize and undesstand the exterior surface chemistry of the nanophases. The health
of the field has been demonstrated by rapid progress in opioclectronics and the recent isolation of large new
polyhedral aromatic clusters. The chemistry of the latter introduces a “4th* dimension 1o nanocluster design.
Similsr considerations can be used to control cluster geometry and size distribution by the topography of three
dimensional host surfaces, makung it possibie tn create sem’ nnducior g antum superlaitices. The use of large
three dimensional .urfzce areas permits concentration studie * of cluster interactions over a wide range, and at
relatively high optical densities. It is to be expected the. : o, normally very unstable, nanosized phases can
be synthesized and stabilized vis encapsulation and u.cgn icn with the open polyhedral framework sysiems
that are now being developed.
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